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Abstract 
Malaria is a mosquito-borne infectious disease which causes one to three millions 
of deaths in the world each year. Artemisinin, as· the most prominent anti-malarial 
drug, is mainly isolated from the aerial parts of Artemisia annua L., an aroma plant 
of the Asteraceae family. However, low artemisinin content (only 0.01% to 1.1 % 
of dry weight) hindered its wide application .. In A. annua, glandular secreting 
trichomes (OSTs) are the major sites for the synthesis, storage and secretion of 
diverse classes of plant secondary metabolites, including arteminisin. They are 
also considered as the first guard to protect plant against biotic and abiotic stress. 
Recently, our group has conducted a global surVey of glandular trichome 
transcriptome in A. annua using high throughput pyrosequencing technology. Such 
effort has provided a useful resource of Expressed Sequence Tags (ESTs) for gene 
discovery. However, abundance of expressed transcripts may not represent the 
protein activity and a comprehensive proteomic study O.f A. annua glandular 
trichome is necessary for further understanding trichome function and arteminisin 
metabolism using a system biology approach. 
The main objective of the my thesis research is to conduct proteomics study of A. 
annua glandular trichomes in order to unravel candidate proteins involved in 
artemisinin biosynthesis and transport, as well as in the developmen~ of glandul~"r 
trichomes. 2D gel electrophoresis and mass spectrometry were employed for 
separation and analysis the total proteins in glandular trichomes. The proteomic 
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2D gel pattern of glandular trichome was furthermore compared with that of leaves. 
Over 700 spots on 2D gel of glandular trichomes were resolved, of which --102 
non-redundant proteins were confidently identified by searching National Center 
for Biotechnology Information (NCBI) datab~se and our in-house Expressed 
Sequence Tag (EST) database. The most abundant proteins were those involved in 
photosynthesis, such as ribulose-l,5- bisphosphate carboxylase. Except for these 
proteins, over 70% of the rest 91 proteins were highly expressed in glandular 
trichomes. They participate in electron transport chain, proteolysis, transcription 
and translation, metabolism and detoxification or defense and stress response etc. 
Among the 22 proteins that were only identified from our Artemisia EST database, 
14 had no homolog with other species even with quite loose · blast parameters, 
indicating they might be both species-specifically and tissue-specifically expressed. 
Moreover, two enzymes (artemisinic . aldehyde delta-ll(l3) reductase and 
4-diphosphocytidyl-2-C-methyl- D-erythritol synthase) were identified to be 
enriched in glandular trichomes that directly participate in artemisinin biosynthetic 
pathways. In conclusion, our proteomics study provides for the first time a general 
picture of proteins specifically expressed in Artemisia glandular trichomes. 
Enriched but inter-species un-conserved genes identified in this · study, together 
with our previous transcriptome study suggested that more GST -specific genes are 
likely involved in Artemisia metabolism and trichome. Some of these candidates 
will provide potential targets for genetic manipulation of glandular trichomes for 
. .. 
enhanced artemisininproduction inA.annua. 
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摘要
瘡疾，作為一種急性寄生蟲傳染病，在全球範間內每年可導致 100 到 300
萬人死亡。青窩素作為最有效的抗瘡疾藥，主要來源於菊科植物青窩的地上
部分。然而，由於植物中青萬素的含量太低(只有 0.01% 至1. 1%干重)，嚴
重限制了青窩素的廣泛應用。在青寓中，腺毛是合成、儲藏和分泌不同種類
吹級代謝產物的主要器官，包括青窩。並且腺毛被認為是植物祇禦各種生物









異。在腺毛膠圖上，約 700 多個蛋白質點被分離和質譜分析。通過檢崇 NCBI
和 EST 兩個數據庫，近 102 個非冗餘的蛋白質被鑒定。其中豐度最高的蛋白
是參與植物光合作用的蛋白，如 1 ，5-二磷酸核閉糖竣化臨。除此之外，在其
餘的 91 個蛋白質中，在腺毛中上調的超過了 70%。這些蛋白質參與了多種生
物過程包括呼吸鏈、晦解、轉錄和翻譯、代謝、以及防禦和抗逆反應等。在
VII 
EST 數據庫單狐鑒定的 22 個蛋白質中， 14 個缺少同源蛋白信息，說明這些蛋
白質可能是物種或者組織特異表達的蛋白質。另外，兩個參與青萬素合成的
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Chapter 1 Literature Review 
1.1 The disease of malaria 
Malaria is a devastating disease which has been described since the beginning of 
history. Several characteristic symptoms of malaria has been mentioned in the 
Chinese recipes (Nei Ching, The Canon of Medicine) dating back to 2700 B.C 
(http://malaria.emedtv.com).InI740, the name "mal aria" (meaning "bad air" in 
Italian) was first used by H. Walpole to describe the disease. Later in 1880, the 
parasites in human blood were identified and mosquito's vector was discovered 
consequently (http://www.medicinenet.com). Malaria is caused by protozoal parasites 
of the genus Plasmodium transmitted by female Anopheles mosquitoes. Four species 
of Plasmodium can infect human including P. jalciparum, P. vivax, P. ovale, P. 
malaria, of which P. Jalciparum is the most severe species (Singh et al., 2004). 
Symptoms of malaria including high fevers, chills, sweating, headache and vomiting 
etc. usually appear between 10 to 15 days after mosquito bite. If not treated in time, it 
is lethal with serious 'organ failures or blood problems. 
Currently, there are 350-500 million clinical cases of malaria worldwide, resulting in 
more than 1 million deaths annually (Greenwood et al., 2005; Skarbinski et a/., 2006). 
Most of severe cases occur in sub-Saharan Africa, but the disease also exists in large 
areas of Asia, Africa, and Central and South America (Fig. 1). 
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90% of malaria in Africa 
6.7% of malaria in South America and Asia 
3.3 % of malaria in other countries 
Figure 1 The distribution of malaria in the world Modified from 
(http://vcrc.res. inlmalaria3 .html) 
1.1.1 Pathogenesis 
The pathogenesis of malaria is very complicated and includes several steps (Fig. 2). 
Firstly, Plasmodium parasite grows and matures in the Anopheles mosquito's gut, and 
then passes to its saliva glands. When the infected mosquito bites a person, 
sporozoites are injected into the human blood. The sporozoites then travel to the liver 
cells and multiply asexually to produce 10000-30000 merozoites (Greenwood et al., 
2008; Miller et al., 2002). This stage of infection lasts about 9-16 days. Following 
rupture of infected .host cells, the merozoites return to the blood and invade the red 
blood cells where they continue the asexual multiplication. They progressively break 
down the red blood cells and attack other _ fresh red blood cells. Meanwhile, 
merozoites will develop into gametocytes in some red blood cells (Barnwell et al., 
1998; Miller et al. 2002). During this period, toxins are released which cause 
characteristic symptoms of malaria including fever, chills and anemia (Aravind et aI., 
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2003). The life cycle of Plasmodium parasites is completed when the gametocytes are 
ingested by mosquitoes. The following mosquito stage initiates firstly in the 
mosquito's gut where fertilization and sexual recombination of the parasites occur. 
The oocysts formed there produce the majority of sporozoites. The new released 
sporozoites then migrate into the mosquito salivary glands again for the next round of 
infection (Greenwood et al., 2008). 
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Figure 2 Malaria cycle (modified from http://www.dpd.cd~.gov/dpdx) 
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1.1.2 The treatment of malaria 
In order to prevent the spread of malaria and to protect individuals in endemic areas, 
tremendous efforts on disease control have been made in the past decades. At the 
beginning, the fight against malaria depended on two strategies: extermination of 
mosquito vectors with pesticides such as dichlorodiphenyltrichloroethane (DDT); 
prevention and treatment of malaria with antimalarial drugs such as quinine and 
chloroquine (Brown, 2010). Despite of the progress m~de in some areas such as India 
and Sri Lanka, the emergence of DDT-resistant Anopheles mosquitoes and 
chloroquine-resistant Plasmodium parasites made it more and more difficult to fight 
against malaria (Ronn et al., 1996). Thus, alternative classes of drugs are urgently 
needed. From the early 1970s, a group of sesquiterpene lactones, Artemisinin and its 
semisynthetic derivatives such as artemether and arteether were consequently 
discovered. They were demonstrated to have a remarkable activity against 
multidrug-resistant strains of Plasmodium Jalciparum without any reported resistance 
(Brown, 2010; White et al., 1996). Artemisinin is a constituent of Artemisia annua L. 
which is . currently regarded as the only economic source of artemisinjn. In 2001, 
WHO recommended the use of artemisinin-based combination therapies (ACTs) 
instead of conventional monotherapies in countries where multidrug-resistant 
Plasmodium Jalciparum presents (Davls et al., 2005; Hallett et al., 2004). The main 
objective of this strategy is to forestall the emergence of artemisinin resistance, 
because the chance of a mutant parasite emerging which is resistant to two or more 
drugs at the same time is lower. Till now, ACTs are still adopted and used as the most 
4 
effective method in many countries. 
1.2 The Plant of Artemisia annua L. 
1.2.1. Horticulture 
Artemisia annua L. (Fig. 3), . commonly known as Sweet Annie, Sweet Sagewort, 
Sweet Wormwood, Annual Wormwood or Qing Hao, is an annual aromatic herb of the 
Asteraceae family (Ferreira et al., 1997). It is originated from China and grows wildly 
in many countries such as Argentina, France, the U.nited States (Klayman, 1989; 
Klayman, 1993). As a vigorous plant, A. annua can adapt to different conditions but 
grows best in the moist areas. The plant usually has a single stem with alternative 
branches. Grown in nature, it could reach about 2m tall. Its alternate, fern-like leaves 
range from 2.5 to 5 cm in length. The nodding flowers (generally 2 to 3 mm in 
diameter) usually appear greenish or yellowish and are displayed in loose panicles. 
The pollination of A. annua naturally relies on insect and wind (Ferreira et al., 1996; 
Ferreira et al., 2009). 
The 10-celled biseriate glandular trichomes and the 5-celled T-shaped non-glandular 
trichomes appear on leaves, stems, and flowers. Glandular trichomes contain various 
types of essential oils includin.g more than 40 volatile compoun~s and several 
non-volatile sesquiterpenes, of which artemisinin and its derivatives are. the ones 
possess potential antimalarial properties (Woerdenbag et aI., 1994; Charles et al., 
1991). 
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Figure 3 Plant of Artemisia annua L. 
1.2.2. Historical Importance 
The pharmacological use of A. annua has a very long history in China. The herb 
Qinghao was first described in the book "Wu Shi Er Bing Fang" ( «Ii + =~1J» , 
Prescriptions for Fifty-two Diseases )found in the tomb of the Mawangdui Han 
dynasty (168 B.C.) for the treatment of haemorroids. This plant was mentioned later 
in the "Zhou Hou Bei Ji Fang" ( «n1~ffij~1J» , Handbook of Prescriptions for 
Emergency) written by Ge Hong in 340 A.D., where it was first recorded for the 
treatment of fevers. In 1596, Li Shizhen, a famous Chinese herbalist, recommended 
the use of A. annua to treat symptoms associated with fever and mal~ria in "Ben Cao 
Gang Mu" ( «*~f.(4 El» ,Compendium of Materia Medica) (Kuhn et al., 2008; 
Klayman, 1985). 
In" 1967, the Chinese government embarked" on a systematic investigation of 
traditional Chinese medicinal herbs in search for effective antimalaria drugs. In 1971, 
Chinese scientists tested a cold diethyl ether extract from A. annua which showed 
encouraging bioactivity against the malaria parasite Plasmodium berghei in mice 
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(Klayman, 1985; Brown, 2010). Further efforts in 1972 led to the isolation of a new 
active compound named qinghaosu [QHS, qing hau sau, arteannuin, artemisinin] (Fig. 
4) and its chemical structure was determined later by mass spectrometry arid X-ray 
diffraction (China Cooperative Research Group on qinghaosu and its derivatives as 
antimalarials, 1982). Artemisinin is a sesquiterpene lactone endoperoxide which could 
be isolated from all aerial tissues of A. annua, but highly expressed in flowers 
(Ferreira et al. 1995a). Modem investigations have shown that artemisinin is not only 
effective against malaria, but also has potential uses in other diseases therapy such as 
schistosomiasis, cancer, tryptanosomiasis and hepatitis (Xiao, 2005; Efferth, 2006; 
Kaiser et al., 2002; Paeshuyse et al., 2006). 
o 
Figure 4 The Chemical Structure of Artemisinin 
1.3 Artemisinin 
1.3.1 The content and distribution of artemisinin 
Artemisinin has been reported to localize in the glandular trichomes on the aerial parts 
of A. annua. The highest yield of artemisinin is found in leaves and flowers while low 
yield is in stems, which is in accordance with the distribution of the glandular 
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trichomes. However, neither artemisinin nor its precursor artemisitene was detected in 
the roots and the pollens (Ferreira et al., 1995a). The concentration of artemisinin in A. 
annua is very low, which is in the range from 0.01% to 1.1% of the dry mass. The 
concentration mainly depends on the plant materials and growth conditions, and it is 
also influenced by climate or environment factors, such as temperature and salt 
(Bhakuni et al., 2001; Ferreira et al., 1997). The variance in artemisinin content is 
estimated to have a positive correlation with the plant developmental stages (Geldre et 
al., 1997). According to several reports, there are two stages in which the highest 
concentration of artemisinin is detected: one is before flowering, while the other is in 
the full flowering (Abdin et al., 2003; EISohly et al.,1990; Ferreira et al., 1995b). 
However, studies of the impact of JP!1 (flowering promoting' factor1) gene on 
flowering time of A. annua and the relationship between flowering and artemisinin 
biosynthesis showed that flowering was not necessary for increasing the artemisinin 
content, rather the artemisinin content reaches its peak during the period between the 
late stage of vegetation and the emergence of flowering buds (Wang et aI., 2004). The 
inconsistent distribution of artemisinin throughout the plant is reported by several 
research groups. In some clones, artemisinins are accumulated more on the top of the 
plant but are equally distributed in other clones (Charles et al., 1990; Laughlin, 1995). 
1.3.2 The biosynthesis of artemisnin 
Artemisinin is an endoperoxide sesquiterpene lactone belonging to terpenoids, the 
largest and varied class of plant secondary metabolites. Terpenoids serve different 
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functions in plant, such as defense and hormone signaling. Terpenoids are found to be 
constructed from two precursors: isopentenyl diphosphate (IPP) and its 
isomer-dimethylallyl diphosphate (DMAPP) (Akhila et al., 1987; Akhila et al., 1990). 
Two pathways employed in terpenoids biosynthesis are the mevalonate pathway 
(MVA) in the cytosol and the MVA-independent pathway (also known as MEP/DOXP 
pathway) in the plastid (Fig. 5). Different sets of isoprenoids are produced in the two 
pathways: sesquiterpenoids and triterpenoids etc. are produced by the MVA pathway, 
whereas monoterpenes or diterpenes are derived from the MEP pathway. However, 
certain extent of crosstalk between these two pathways has been identified (Adam et 




r--p-Y-l'l-I\-:a-t-e~1 + ~I ------------------~ Plastid 
~ HMGR 2-C-Methyl-D-Ery1Iuitol-4-P 
:Mevalollilte 












F amesyl. dipho sphG te (FPp) 
'" ADS 
'" M.ECDPsYllthase 
2-C-methyl-D-el'ythrit.oI2. 4-cydoidi phof:..vhate 
~ DMAPP I 
:MOllotelpenes, diterpenes. 
Cilrotenoids. etc 
\11 H' ~CYP7IA~Ai ~ ~ Alnolpha.4.11·di~ne Artemi~ alcohol DihydroRt!tmisinic alcohol 
'" CYP71AVI 
'" 4?~~ 
Artemisi.nic IIldte DBR2 DihYdroart~misinic aldehyde 
"'CYP71AVl ~ 
~~~ 








Figure 5 The simplied pathway of terpenoids biosynthsis and the theoretical 
pathways for the biosynthesis of ~rtemsinin Modified from .(Pamela et al., 2006; 
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Zhang et al., 2008; Liu et al., 2006; Chang et a/., 2007; Covello et al., 2007) MVA, 
3R-Mevalonic acid; MEP, 2-C-Methy-D-erythritol 4-phosphate; DMAPP, dimethylallyl 
diphosphate; IPP, isopentenyl diphosphate; FPS, famesyl diphosphate synthase; HMGR, 
3-hydroxy-3-methylglutaryl coenzyme A reductase; DXS, I-deoxy-D-xylulose-5-phosphate 
synthase; DXR, I-deoxy-D-xylulose-5-phosphate reductoisomerase; SQC, sesquiterpene cyclase; 
SQS, squalene synthase; ADS: amorpha-4,11-diene synthase; CYP71 AV 1: an enzyme of 
cytochrome P450 family, which can catalyze mUltiple oxidations of amorpha-4,11-diene to 
artemisinic acid; DBR2: artemisinic aldehyde ~11(l3) reductase, a sesquiterpenoid double bond 
Despite of the tremendous efforts in the past decade, the biosynthetic routes of 
artemisinin have been only partially elucidated (Fig. 5). For many years, artemisinin 
biosynthesis has been estimated to take place in the glandular trichomes. A recent 
study demonstrated that the two outer apical cells of the glandular "trichomes were the 
exact location where artemisinin biosynthesis occurs (Olsson et al., 2009). The first 
step of artemisinin biosynthesis starts from the conversion of IPP and DMAPP to 
farnesyl diphosphate (FPP) by the enzyme farnesyl diphosphate synthase (FPS). FPS 
catalyzes the "head-to-tail" chain elongation via the reaction of one DMAPP with two 
IPP and its gene has now been cloned from A. annua (Matsushita et al., 1996). 
Despite both MVA and MEP pathway lead to the formation ofIPP and DMAPP, it has 
been recently demonstrated that the isoprenoid fragment in the FPP precursor is 
mainly from MEP pathway (Schramek et al., 2010). After FPP synthesis, amorpha-4, 
11-diene synthase (ADS) catalyzes cyclization of FPP into (IS, 6R, 7R, 10R)-
amorpha-4, Il-diene, which was proved by the use of deuterium labeled FPP in 2006 
(Kim et al., 2006, Picaud et al., 2006). 
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The following biosynthetic pathway is the conversion of amorpha-4, 11-diene to 
putative intermediates: dihydroartemisinc acid and/or artemisinic acid. In 2005, based 
on the isolation and the identification of several intermediate compounds (artemisinic 
alcohol, artemisinic aldehyde etc.) from leaves and glandular trichomes of A. annua 
and enzyme assay, Bertea et al. proposed a pathway as follows (Fig. 5): amorpha-4, 
ll-diene is hydroxylated firstly to artemisinic alcohol, followed by the oxidation of 
artemisinic alcohol to artemisinic aldehyde, and then il11 (13) double bond of 
artemisinic aldehyde is reduced to dihydroartemisinic aldehyde, which is finally 
oxidized to dihydroartemisinic acid (Bertea et al., 2005). This hypothesis was later 
proved by several research groups. In 2006, two research groups cloned the gene 
coding an enzyme named cytochrome P450 (Cyp71av1) involved in three sequential 
oxidation reactions which converts amorpha-4, 11-diene to artemisinic acid (Teoh et 
al., 2006; Ro et al., 2006). More recently, a recombinant enzyme, artemisinic 
aldehyde L111(13) reductase (DBR2) has been characterized. This enzyme is specific 
for the reduction of the il 11 (13) double bond in artemisinic aldehyde and it converts 
artemisinic aldehyde ' into dihydroartemisinic aldehyde. This result supports Bertea's 
hypothesis that the reduction of the il11(13) double bond must occur in aldehyde 
(Zha:ng et al., 2008). However, the final steps in the artemisinin biosynthetic pathway 
(from dihydroartemisinic acid to artemisinin) have not been elucidated till now. 
Furthermore, the in vivo evidences for other proposed biosynthetic pathways have 
been reporte'(f by other groups. By using the isotope labeled mevalonate, Akhila et al. 
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suggested the sequential pathway starting from famesyl pyrophosphate (FPP) 
followed by germacrene skeleton, dihydrocostunolide, cadinanolide, arteannuin Band 
ending in artemis.inin (Akhila et al., 1987). Conversion of artemisinic acid to 
arteannuin B or art.emisinin, and arteannuin B to artemisinin has been reported in a 
cell free system (Sangwan et al., 1993; Nair et al., 1993). 
1.4 Trichomes 
1.4.1. Structure and Function of Trichomes 
Trichomes are hair cells or leaf hairs originated from the outgrowth of specialized 
epidermal cells on leaves or other organs of plants. They play an important role in 
plant taxonomy due to its variance in size, shape, morphology, cell number and 
composition (Anthony et al., 2008). Normally, trichomes are divided into two general 
types: non-glandular trichomes (also known as simple trichomes) and glandular 
trichomes (also called glandular secreting trichomes, GSTs). Non-glandular trichomes 
are mainly found on aerial surfaces of angiosperms, gymnosperms and bryophytes, 
whereas glandular trichomes present on almost 30 % of the vascular plants (Wagner 
et al., 2004). However, it is not uncommon for both types to co-exist on the same 
individual plant or even on the same organ. The typical representations of 
non-glandular trichomes are Arabidopsis and cotton fib er . trichomes, whereas 
glandular trichomes in basil and peppermint have been studied extensively 
(Schilmiller et al., 2008; Turner et al., 2000). Generally, non-glandular trichomes are 
single-celled with none or less branches. However, glandular trichomes are much 
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more complex. Some are small structures consisting of a few cells, while others are 
much larger with differentiated basal, stalk and apical secreting cells. 
Trichomes perform a wide range of functions. One of the most remarkable functions 
of trichomes is that they synthesize, store and secrete various types of metabolites: 
terpenoids, essential oils, phenylpropanoid derivatives, acyl sugars, methylketones 
and flavonoids etc (Anthony et al., 2008). Many of these trichome-specified 
compounds have important commercial values in pharmaceutical, food and cosmetic 
manufacture. Besides, trichomes also possess significant physical functions. Their 
presence can affect respiration and transpiration rates by modulating air flowing over 
the leaf surface and prevent photo damage by blocking light reaching on the leaf 
surface (Johnson, 1975). On the other hand, non-glandular trichomes and glandular 
trichomes are proposed to serve different functions. Both of them can form at 
different development stages of organs and affect plant physiological and ecological 
aspects. Generally, non-glandular trichomes play important roles in water absorption, 
seed dispersal, deterring herbivores and so on, whereas glandular trichomes function 
in the biosynthesis and secretion of phytochemicals to affect host disease and pest 
attraction (Wagner et al., 2004). 
1.4.2 Trichome Investigations in A. annua 
Two types of trichomes co-exist on the aerial surface of A. annua L.: 10-celled 
biseriate glandular secreting trichomes (GSTs) and non-glandular 5-cell T-shaped 
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non-glandular trichomes (Fig 6). The morphology and development of trichomes on 
leaves and floral buds of A. annua has been studied by light and electron microscopy 
(Duke et al., 1993; Ferreira et a/., 1995a). The non-glandular trichomes are generally 
abundant on leaves, stems but not on florets. They don't produce essential oils and 
their functions are proposed to be similar to those of Arabidopisis. However, 
glandular trichomes are found throughout the aerial parts of the plant and they are 
densely distributed on the flower buds. Glandular trichomes of A. annua develop very 
early "in the life of the leaf (Duke et al., 1993). The 10 cells of glandular trichomes ar~ 
divided into one basal, one stalk and three secretory pairs, all of which are distinct 
from each other upon TEM analysis. Under light microscope, only the two sub-apical 
cell pairs of secretory cells are green while other cells are colorless (Covello et al., 
2007). When glandular trichomes become mature, the apical cell pair contains 
leucoplasts or proplastids but no thylakoids, whereas the two sub-apical cell pairs 
contains chloroplasts which show autofluorescence (Olsson et al., 2009). 
Glandular trichomes " are thought to be the site of biosynthesis and accumulation of 
artemisinin-related sesquiterpenoid compounds. It is supported by the evidence that 
neither artemisitene nor artemisinin could be detected from an A. annua ghindless 
biotype (Woerdenbag et al., 1994)." Duke et a/. reported that 97% of the artemisinin 
and 100% of artemisitene could be extracted by a 5-sec leaf dip in chloroform without 
visible damage to other leaf epidermal cells (Duke et al., 1994). In a recent study, the 
exact location where artemisinin biosynthesis occurs was found to be the two outer 
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apical cells (Olsson et al., 2009). The researchers separated the apical and sub-apical 
cell pairs of glandular trichomes using laser microdissection pressure catapulting 
method and investigated the expression of several transcripts using cDNA from those 
separated cell pairs. Three enzymes involved in artemisinin biosynthesis (ADS, 
CYP71AV1 and DBR2) were expressed only in the apical cells. The researchers 
speculated that 5 cell pairs of glandular trichomes played different roles in the 
metabolism of artemisinin. Besides, majority of essential oils (e.g. a-pinene, artemisia 
ketone, 1,8-cineole and camphor) are also thought to be excreted and stored in the 
subcuticular space of glaJ?dular trichomes. In addition, the content of artemisinin was 
reported to be 4 to 11 times higher in the inflorescence compared to leaves (Ferreira et 
al., 1995b) and the correlation of the presence and development of glandular 
trichomes in the inflorescences with artemisinin production has also been extensively 
studied (Ferreira et al., 1995a). Kapoor and his coworkers inoculated A. annua with 
two arbuscular mycorrhizal (AM) fungi, Glomus macrocarpum and Glomus 
fasciculatum and found a significant increase of artemisinin concentration associated 
with an increase of glandular trichome density on leaves (Kapoor et aI., 2007) . . 
Currently, the method of isolation glandular ' trichomes based on the mechanized 
abrasion enables researchers to get further insight into the function of glandular 
trichomes. Several genes encoding enzymes involved in the isoprenoid biosynthesis 
have been cloned and functionally characterized, these include germacrene A synthase, 
farnesyl diphosphate synthase, cytochrome P450 CYP71AVl and artemisinic 
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aldehyde ~11(l3) reductase (Gershenzon et al., 1992; Teoh et al., 2006; Zhang et aI., 
2008). With gas chromatography-mass spectrometry (GC-MS), liquid 
chromatography-mass spectrometry (LC-MS) or nuclear magnetic resonance (NMR), 
many intermediate compounds (e.g. artemisinic alcohol and dihydroartemisinic 
alcohol) participating in artemisinin production has been identified (Bertea et al., 
2005). These cell extracts from glandular trichomes showed no significant difference 
to those obtained from leaves. Besides, recent global surveys of glandular trichomes 
transcriptome in A. annua were conducted using high throughput pyrosequencing 
technology (Wang et al., 2009; Graham et aI., 2010). Such efforts have provided a 
useful resource of ESTs for gene discovery. 
Figure 6 Scanning electron micrograph of an A. annua leaf (Left) and Light 
micrograph of non glandular trichomes and glandular trichomes from a floral 
bud (Right) Modified from (Duke et al., 1993; Covello et al., 2007). NT: non-glanduar 
trichome; GST: glandular secreting trichome 
1.5 Proteomics 
1.5.1 The basics of proteomics 
Proteomics has made rapid progress during the last decades. Complement of the 
analysis of the transcriptome and the metabolome, proteomics stands . for the 
systematic analysis of the proteins, particularly their structures and functions. Its 
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objective includes protein profiling, protein quantification, posttranslational 
modifications (PTMs), protein/protein interactions, subcellular localization and 
activities. 
New transcriptomics technologies provide important information regarding complete 
sets of RNA transcripts which are produced by the genome at given time. However, 
due to the complex and dynamic regulatory routes from PTMs to protein accretion, it 
is difficult to predict the abundance of cognate proteins from the mRNAs level. The 
proteome approach is necessary to reveal the functional information of the 
biochemical processes underlying phenotypes which is not accessible by other means 
(Zivy et al., 2000). Many reviews have addressed the problems, pitfalls, and the 
developments of plant proteomes (Newton et al., 2004; Hisashi et aI., 2004; Baginsky 
et al., 2009; Wijk, 2001). They provide a well-established platform for plant 
researchers. 
1.5.2 Two-dimensional gel electrophoresis 
Two-dimensional gel electrophoresis (2-DE) has long been recognized as a powerful 
and standard proteomics technique for the analysis of complex protein mixtures 
extracted from biological samples such as cells, tissues. 2-DE separates proteins in 
two dimensions according to two independent properties. Protein mixtures are first 
separated according to their isoelectric points (pI) by isoelectric focusing ClEF). Then 
proteins are separated further according to their molecular weights (MW) by 
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE). In this way, thousands of 
different proteins can be separated at one time and the relative amount' of each protein 
can be determined. Currently, the broad pI range (typically pI 3-10) and sensitive 
staining method (e.g. silver staining) has increased the resolution and the resolving 
power. However, some challenges still exist for 2DE technique, particular with 
respect to the detection of low-abundance proteins and membrane proteins. Thus, 
further researches and improvement are needed. 
1.5.3 Mass spectrometry 
Mass spectrometry is an essential analytical tool for protein identification. A mass 
spectrometry instrument generally consists of ion source, mass spectrometer and ion 
detector. Two forms of mass spectrometry, based on "soft" ionization methods, are 
commonly used. The first one is matrix-assisted laser desorption ionization 
(MALDI)-time-of-flight (TOF) mass spectrometry, which is used for high-throughput 
protein identification based on peptide mass fingerprinting (PMF); The second one is 
electrospray ionization (ESI) tandem mass spectrometry (MS/MS), usually combined 
high performance liquid chromatography (HPLC) separation and used to produce an 
amino acid sequence tag (Russell et al., 2004). The standard procedure of protein 
identification based on MS analyses is as follows: the protein spots of interest are first 
excised from the 2D gel and digested with a site-specific protease (commo~ly trypsin); :' 
finally the resulting mixture of peptides was analyzed by MS. Then the experimental 
PMF or MS/MS spectrum is matched against a calculated PMF or MSIMS spectru~ 
in the public database (e.g. Mascot, SEQUEST). At last, 'a score is calculated 
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automatically for each match and a threshold is given in the final report. To be 
significant, the score has to be higher than the threshold (P<0.5). 
1.5.4 Gel-free Proteomics 
Although 2-DE has been widely used and regarded by far as the best technique for 
analysis of post-translational modifications of proteins, it has several limitations 
including the low throughput of samples, incapability in detecting proteins with 
relatively low abundance, extreme pI or hydrophobicity, and small or large molecular 
weights. Thus, alternative "gel free" proteomics techniques have been developed to 
improve resolution of complex protein samples. Recently, the use of these techniques 
has been increased in the plant proteome study such as rice (Koller et al., 2002; 
10rrin-Novo et al., 2009). One of the well known examples of gel-free techniques is 
multidimensional protein identification technology (MudPIT), which was first used by 
Washburn's group to analyze membrane spanning proteins (Washburn et al., 2001). 
Unlike 2DE, MudPIT requires that all proteins of a sample are firstly digested before 
the separation. The resulting mixture of peptides is then separated on a strong cation 
exchange (SeX) column in the first dimension followed by a reverse phase 
chromatography (RP) in the second dimension. Finally, the separated peptides are 
analyzed by mass spectrometer .. Based on this technique, total 148~ proteins were 
detected and identified from Saccharomyces cerevisiae iri W ashbur~' s study, 
including 131 proteins with transmembrane domains (Washburn et al., 2001). Besides, 
MudPIT has also been reported to be used in quantitative and differential comparati':'.e 
proteomic study (Gustavsson et al., 2005; Hu et al., 2006). Therefore, MudPIT has 
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been proven to be an effective tool in increasing protein coverage of a sample, 
analysis of protein modifications in protein mixtures, and the identification of 
membrane proteins. However, the large number of spectra produced by MudPit 
analysis lays heavy burdens on the data storage and analysis. In addition, only a few 
fractions of peptides obtained from digestion of hundreds of proteins in a sample will 
be selected for MS/MS analysis. Thus, in order to circumvent these random sampling 
errors, multiple analyses are usually required. 
Other gel-free proteomic approaches such as Isotope coded affinity tag (lCAT) and 
chip-based techniques have been summarized by several groups (Zhu et al., 2003; 
Baggerman et al., 2005). 
1.6 Objectives 
Although tremendous efforts have been dedicated to study of A.- annua and several 
accomplishments have been obtained these years, it is still difficult for researchers to 
get an explicit picture about the biosynthesis of artemisinin and th~ function of 
glandular trichomes. Thus, in order to discover the cellular mechanism operating in 
glandular trichomes of A. annua and enzymes involved in the artemisinin biosynthesis, 
we initiated the proteome study of glandular trichomes of A. annua. There are three .. 
objectives in this study: 
1. Conduction of proteomics study of Artemisia glandular trichomes and setting up 
proteins database. 
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2. Comparative study of proteins from leaves and glandular trichomes to find the 
trichome-specific proteins. 
3. Through proteomic study, it helps us to discover candidate genes which provide 
potential targets for genetic manipulations for enhanced artemisinin production in 
A.annua. 
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Chapter 2 Materials and Methods 
2.1 Chemicals 
All chemicals used in this study are of AR available from Sigma-Aldrich Chemical 
Co. (USA), Bio-Rad Co. (USA), USB Corporation (USA), BDH Chemicals Ltd. 
(England), or Amresco (USA). 
2.2 Plant materials 
The seeds of A. annua were purchased from You Yang, Si Chuang Province, China. 
The seeds were geminated under controlled condition (average 30°C) in the 
greenhouse of the Biology Department, Hong Kong Baptist University. Leaf samples 
of 16-to-18 week old plants were harvested and used for trichomes isolation and 
microscopy. Leaf samples were harvested from the same plants. Three independent 
groups of plant materials were included in the study. 
2.3 Isolation of glandular trichomes 
Glandular trichomes were isolated from leaves of A. annua plants as described 
previously (Teoh et al., 2006) with minor modifications. The isolated glandular 
trichomes were then subjected to additional sucrose gradients purification. Leaves 
were collected carefully and imbibed with ice-cold distilled water for 1 h. .. 
Subsequently, 20-30 g of leaves was placed into a 350 ml chamber of Bead Beater 
(BioSpec Products, Inc., Bartlesville, OK, USA). The 350 ml chamber was then filled 
with 80-100 g of glass beads (0.5 mm diameter) (BioSpec Products, Inc., Bartlesville, 
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OK, USA), XAD-4 resin (1 gig plant material) (Amberlite® XAD® 4, SUPELCO, 
Sigma-Aldrich Chemical Co., Bellefonte, PA, USA), and isolation buffer (25 mM 
MOPSO, pH 6.6, 200 mM sorbitol, 10 mM sucrose, 5 mM thiourea, 2 mM 
dithiothreitol, 5 mM MgCh, 0.5 mM sodium phosphate, 0.6% (w/v) methylcellulose 
) 
and 1 % (w/v) polyvinylpyrrolidone (PVP) (Mr 40000). The trichomes were gently 
abraded from the leaves on ice for 3xlmin with 1 min intervals. After abrasion, the 
crude cellular extract was separated by sequentially filtering through a 300 J-lm and a 
105 J-lm nylon mesh (Small Parts Inc., Miami Lake, FL, USA). The residual plant 
materials were rinsed hyice with rinse buffer (Isolation buffer without PVP and 
methylcellulose). The resulting solution of mixed cells was then concentrated by 
centrifugation (10 min, 4°C, 6000g) using an eppendorf 5810R centrifuge (Eppendorf, 
Germany) and was resuspended in 15-20 ml pre-cold rinse buffer. 3-5 ml of the 
concentrated mixture was gentled layered on the top of 30ml 40% sucrose solution 
along the wall of 50 ml centrifuge tube (Neptube, Germany). The tube was then put 
into the swing-bucket rotor and was centrifuged at 4°C for 10min at 750rcf (with 
acceleration levels '5 and deceleration level 0). Consequently, upper layer was 
carefully transferred to the new tubes and was concentrated. After being washed for 3 
times with ice-cold distilled water, the isolated trichomes were ready for "protein 
extraction and microscopic analysis. Leaf samples and trichomes were all frozen in 
.liquid nitrogen and stored at -80°C. 
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2.4 Protein Extraction 
The extraction procedure was performed as described in previous studies with minor 
. modification (Gorg A. et al., 2000; Amme et al., 2005). The frozen plant material was 
ground into fine powder with a mortar under liquid nitrogen. To precipitate the 
proteins, the obtained powder was incubated with 10 times (m/v) of precipitation 
solution containing 10% w/v trichloroacetic acid and 0.07% w/v 2-mercaptoethanol in 
ice-cold acetone and kept at -20°c overnight. The material was then centrifuged at 
14000g for 30 min at 4°C. After centrifugation, the protein pellets obtained were 
washed 2,....') times with ic.e-cold acetone containing 0.07% w/v 2-ME and freeze-dried. 
Dried samples were re-suspended in lysis buffer (7M urea,.2M thiourea, 4% CHAPS, 
100mM DTT and 2% Carrier Ampholyte solution) and incubated at room temperature 
for 2hrs with 10 min sonication per hour. The insoluble material was removed by 
centrifugation at 14000g for 60 min at 4°C. The supernatant was then purified by 
centrifugation through 0.45 mm filter units (Ultrafree-MC, Millipore, USA). Protein 
concentration was measured using a quick start bradford dye reagent (Biorad, USA) 
with BSA (4 mg.ml- I ) as standard. 
2.5 Two-dimensional gel electrophoresis 
350~1 of protein solution containing 0.002% v/v bromophenol blue was used to 
. rehydrate IPG strips of 18 cm with a linear pH gradient of 4-7 (Readystrip, Biorad, 
USA). The solution was the'n incubated for 20hrs at room temperature. IEF was 
. carried out on an Ettan IPGphor unit (GE Healthcare, USA) using the following 
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settings: 100 V for 3 h, 300V for 3 h, 1000 V for 1 h, 3000 V for 24000 Vhr and 8000 
V for 64000 Vhr at 20°c with a maximum current setting of 50 mA/strip. After the 
isoelectric focusing, the IPG strips were first equilibrated for 10 min in equilibration 
buffer (50 mM Tris, pH 8.8, 6 M urea, 20% v/v glycerol, 2% w/v SDS) containing 2% 
w/v DTT, and equilibrated for another 10 min with the same buffer containing 2.5% 
w/v iodoacetamide. After equilibration, the IPG strips were placed on the top of 14% 
polyacrylamide gel and subjected to electrophoresis in a vertical Protean Lixi Cell 
electrophoresis system (Biorad, USA) at 80V for Ihr and 200V for approximate 7hrs. 
After electrophoresis, the gels were washed with Milli-Q water and then fixed for 1 hr 
with a fixation buffer (40% menthol, 10% acetic acid). After fixation, the gels were 
stained overnight with "Blue silver" staining solution (10% phosphoric acid, 100/0 
ammonium sulfate, 20% anhydrous methanol, 0.12% Brilliant Blue G-250). Finally 
the gels were distained using 500ml Milli-Q water for 30. min and the operation was 
repeated 3 times. 
2.6 Image analysis 
After staining and distaining, the gels were scanned under visible light at 300dpi using 
ImageScanner (Amershan Biosciences) with Labscan software. Analysis was· carried 
out using the computer program, . ImageMaster 2D Platinum 5.0 (Amershan 
Biosciences). Spots were detected automatically while manual spot editing and 
deleting was performed if necessary. Distinct spots were selected throughout the gel 
. for alignment and matching of the spots after the mass-spectrometry analysis. The gel 
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with the protein spots from the glandular trichomes were used as the reference gel. 
2.7 In gel digestion and protein identification by mass 
spectrometry 
Spots of interest were excised from the 2-DE gel obtained from glandular trichomes 
after image analysis. The spots transferred to 1.5ml microcentrifuge tubes were 
distained with 50mM ammonium bicarbonate, dehydrated with ACN and then 
vacuum dried completely by a SpeedVac (LABCONCO). For the ·,rehydration and 
digestion of proteins, 5~ 7111 25mM NH4HC03 containing 40ng/IlI sequence grade 
modified trypsin (Promega, Madison, USA) were added to each sample and samples 
were incubated for 30 minutes on ice. In-gel digestion with trypsin was continued 
over night at 37°C. After sonication for 10min, the supernatant was removed to a new 
tube. Afterwards, the reaction was stopped by adding lOll1 of extraction buffer (50%, 
2.5% trifluoracetic acid), followed by sonication for another 10 min. The extracts 
were combined and completely dried under vacuum and dissolved in Sill 0.1 % 
trifluoracetic acid. 'Digested sample solution (1.SJlI) was spotted on MALDI-TOF 
disposable target plates (4800, Applied Biosystems, Foster City, CA, USA), then 
covered with 0.51l1 matrix (a-cyano-4.-hydroxycinnamic acid). Peptide mass 
determinations were carried out using a MALDI-TOF/TOF mass spectrometer 
,. (Applied Biosystems 4800 Proteomics Analyzer, Applied Biosystems) in the mlz 
range 900 to 4000. Proteins were identified by searching against the NCBI database 
' and our In-house A. annua EST database using the following parameters: 
27 
monoisotopic mass accuracy, 50 ppm; missed cleavages, 1; allowed variable 
modifications, oxidation (Met). Proteins with a Mascot score> 69 were selected. 
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Chapter 3 Results and Discussion 
3.1 The isolation of glandular trichomes 
Trichome isolation is a critical step in constructing the A. annua glandular trichomes 
proteins database for identification of trichome-spe~ific proteins. Previous study 
demonstrated that the mechanical abrasion method was suitable for the separation of 
trichomes from A. annua flower buds (Teoh et al., 2006). Our group also succeeded in 
establishing an EST database for glandular tricho~es of A. annua using similar 
method (Wang et al., 2009). However, it takes more than 6 months to harvest the 
flower buds and the trichomes exist only few days before senescence occurred. This 
has created a bottleneck for the large-scale proteome study. Thus, leaves were selected 
as candidates in our study. 
Two important factors affect the successful isolation of glandular trichomes from leaf 
materials: harvest time and isolation method. According to our · previous study, the 
density of glandular trichomes on the surface of leaf increases dramatically from the 
3 rd month and remained stable till the inflorescences stage (Fig. 7). This result is 
consisted with previous reports (Ferreira et al., 1995a; Ferreira et al., 1996). Thus, 
4-month old plants were subjected to the proteome study. For the isolation method, 
reproducible results were reported by applying Bead Beater abrasion to isolate the · 
trichomes from mint and tobacco leaves (Lange et al., 2000; Steffen, et al., 2005). 
This method is suitable for these plants for two reasons: the leaves are large and thick; 
the trichomes lay flat on the surfaces of leaves. Thus, the beads are able to access the 
29 
trichomes easily. However, the leaves of A. annua are generally smaller and deeply 
dissected. The glandular trichomes are slightly embedded into the leaf surface and 
hence the glass beads would have difficulty in contacting the trichome's base. In a test 
experiment, we found that the quality of isolated glandular trichomes was low usually 
contaminated with a higher percentage of mesophyll or cell debris (Fig. 8) using Bead 
Beater abrasion method. 2DE patterns of proteins from leaves and trichomes had no 
significant difference (Fig.9) and over 50% of identified proteins were Rubisco (data 
not shown). Therefore, an additional sucrose gradient was attempted for further 
purification after the mechanical abrasion and filtration. Sucrose with different 
concentration and different centrifuge speed were tested. A 40% sucrose solution with 
centrifugation speed at least 750rcf yielded better results: more than 90% of the 
preparations were glandular trichomes with the remaining 10% being cell debris and 
no T -shaped trichomes were detected (Fig. 8). The quality of the preparation was 
appropriate for protein extraction. 
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Figure 7 The trichomes distribution on leaf surface of A. annua L. in ,different 
developmental stages 
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Figure 8 The isolated glandular trichomes of A. annua recovered from 30 J.1m 
mesh (A) and sucrose gradient purification (B) (NT,. non-glandular trichomes; GST 
glandular trichomes) 
Figure 9 2-DE patterns of leaves (A) and trichomes (B) of Artemisia proteins 
Trichomes were isolated using the Bead Beater method. kDa:kiloDalton . 
3.2 2DE patterns of A.· annua leaf trichomes and leaf tissue 
In order to set up a glandular trichomes protein database and detect highly ~xpressed 
trichome-specific proteins, the 2-D gel patterns of the leaves and glandular trichomes 
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proteins were compared. As showed in Fig. 11, distinct gel patterns were observed. 
On "silver blue" stained gels, over 1000 distinct protein spots from leaves and 
glandular trichomes could be separated between the pI ranges of 4-7. Three biological 
independent plant samples were used to extract proteins and highly reproducible 
results were obtained with 95% proteins at the same relative position on gels of leaves 
and glandular trichomes respectively (Fig. 10). Therefore, protein spots (including 
those highly expressed ones) from gels of glandular trichomes were excised for MS 
analysis. 
Figure 10 2DE patterns of proteins from "trichomes (A, B, C) and leaves (E, F, G) 
(Three biological repeats were obtained in the study). kDa:kiloD~lton 
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3.3 Identification of proteins in glandular trichcomes 
This is the first report providing a global view of proteins expressed in glandular 
trichomes of A. annua. Of over 1000 spots on 2D gel of glandular trichbmes, 738 
spots were excised. We searched both NCBI database using green plant taxonomy and 
our in-house EST database. Out of these 738 spots, 206 spots (28%) were identified in 
the NCBI database, whereas 162 (22%) spots were found in EST database. These 
spots represented '" 1 02 non-redundant proteins. More than 70% of the protein spots 
analyzed could not be assigned mainly due to the limited A. annua genome sequence 
and ESTs information, and partially due to the low abundance of those proteins or the 
poor quality data generated by MS analysis. On the other hand, a large number of 
spots with different pI/Mr values were attributed to the same protein. The reason has 
been reported as follows: post-translational modification, isozyme variation, protein 
degradation, alternative splicing and allelic variation of the same protein (Mathesius 
et al., 2001). 
Among'" 1 02 non-redundant proteins, the most abundant proteins were those involved 
In photosynthesis (oxygen-evolving enhancer protein, ribulose-1,5-bisphos- phate 
carboxylase, chloroplast light-harvesting chlorophyll alb-binding . protein, 
photo system 11 reaction center psbP protein, oxygen evolving protein of photo system , 
. Manganese-stabilizing protein, photo system I subunit VII, photosynthetic electron 
transfer-like protein, Ribulose bisphosphate carboxylase/oxygenase activase, 
. ribulose-l ~'5-bisphosphate carboxylase/oxygenase large/small subunit), which was 
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consistent with previous reports that the glandular trichomes of A. annua had two 
pairs of green secretary cells where photosynthesis existed (Bertea et al., 2006; 
Covello et al., 2007). These proteins were omitted in following analysis. Out of the 
rest 91 proteins, 69 were positively matched to the NCBI databases and 54 proteins 
were positively matched our in-house EST databases (Fig 12). Among the 22 proteins 
that were only identified from our Artemisia EST database, 14 had no homolog with 
other species even with quite loose blast parameters, indicating they might be both 
species-specifically and tissue-specifically expressed. 
Changes in spot intensity between glandular trichomes and the whole leaves were also 
qualified by software analysis. Over 70% of the 91 non-redundant proteins were 
highly expressed in glandular trichomes. Among them, one of the most important one 
was artemisinic aldehyde delta-l 1(13) reductase (Dbr2), an enzyme directly involved 
in artemisinin biosynthesis in A. annua. Furthermore, in our previous study on 
isolation of trichomes by Beat Beater method, 4-diphosphocytidyl-2-C-methyl-D-
erythritol synthase ' (MECDP-synthase) implicated in the MEP pathway were also 
identified. Both of them are enriched in the glandular trichomes. The identification of 
these two enzymes could be considered as -a proof-of-concept for the proteonie study. 
The list of proteins highly expressed in trichomes _ was showed in Figure 11 and 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The 91 identified proteins were divided into several different classes based on the 
UniProt database (http://www.uniprot.org): electron transport chain, proteolysis, 
transcription and translation, metabolism, detoxification or defense and stress 
response, others and unknown function proteins (Table 1; Fig. 13). These proteins 
were assigned mainly according to their predominant function even if they might play 
various roles in different subcellular compartments or at different developmental 
stages. This result was consistent with our previous transcriptome study of the 
glandular trichomes on flower buds (Wang et al., 2009). 











Figure 13 Categorization and Distribution of proteins in glandular tricbomes 
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Figure 14 Enlarged windows of 2D gels for isolated trichomes (A, C) and 
corresponding leaves (B, D). The labeled protein spots showed a higher protein 
accumulation in the isolated trichomes compared with the corresponding leaf tissue. B: 
DBR2; D: MECDP-synthase. 
3.3.1 Proteins involved in electron transport chain 
This class mainly comprised several enzymes in ATPase family including subunits of 
the A TP-synthase complex (alph~ bet~ gamm~ epsilon subunits etc) and V -type 
(W)-ATPase VI. The ATPase family is known as one of the most important enzymes 
that create energy, determinate and maintain ion concentration balance in plant cells. 
Among them, W -ATPase is regarded as the basis for salt tolerance by regulating Na + 
and K+ homeostasis in cytosol (Zhu, 2003; Ndimba et al., 2005). The enhancement of 
these proteins in several plants exposed to cold stress implies that more energy is 
needed to reinforce plant self-defense system to cold stress (Cui et al., 2005; Goulas 
et al., 2006). Furthermore, we also found some other enzymes: ferredoxin-NADP 
reductase, NAD(P)H-quinone oxidoreductase, cytochrome c .oxidase subunit Vib, 
A TP binding / succinate dehydrogenase. All of them have been identified and well 
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characterized in plant mitochondria or chloroplasts and are thought to function in 
protecting plant from oxidative stress by catalyzing electron transport in the 
respiratory chain (Millar et al., 2001; Rodriguez et al., 2007; M0ller, 2001). In 
addition, NADP reductase and NAD(P)H-quinone oxidoreductase also participate in 
various metabolic pathways, including terpenoid biosynthesis, steroid metabolism. 
The increased abundance of some of these proteins in glandular trichomes of A. annua 
is in consistent with previous study that high energy is demanded for powering other 
cellular reactions in glandular trichomes, such as isoprenoid or other carbon fixation, 
fatty acid metabolism (Wagner, 1991). 
3.3.2 Proteins involved in metabolism 
Another large class representing proteins involved in metabolic process was also 
identified. It includes two enzymes related to artemisinin biosynthesis, enzymes 
implicate in glycolysis, and other enzymes with different catalytic functions (e.g. 
carbon fixation, glycine degradation). 
3.3.2.1 Artemisinin biosynthesis 
Artemisinic aldehyde delta-11(13) reducta~e (Dbr2) was first characterized in vitro by 
Zhang and his coworkers (Zhang et al., 2008). It belongs to an enzyme family that 
# • 
acts on u, ~-unsaturated carbonyls and presents the subfamily associated with terpene 
double bond reduction, the -FMN-linked oxidoreductases. It is a trichome-specified 
enzyme involved in the sesquiterpenoid il11(13) double bond reduction leading "the-
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conversion of artemisinic aldehyde to dihydroartemisinic acid. Another important 
enzyme involved in terpenoid biosynthesis is MECDP-synthase. It belongs to the 
family of lyases, specifically phosphorus-oxygen lyases which catalyzes the 
converSIon of 2-phospho-4-( cytidine 5' -di phospho )-2-C-methy 1-D-erythritol to 
2-C-methyl-D-erythritol 2, 4-cyc1odiphosphate (MECDP) accompanying cytidine 
monophosphate (CMP) generation. MECDP-synthase participates in the artemisinin 
biosynthesis in MEP pathway, leading to the formation of artemisinin precursor IPP. 
The gene encoding this enzyme has been cloned form Arabidopsis (Rohdich et al., 
2000). Two x-ray crystal structures of MECDP synthase were also characterized 
(Richard et al., 2002). The first structure contains a bound Mn2+ cation, while the 
second one is a complex with CMP, MECDP, and Mn2+. These models could help us 
understand the catalytic mechanism of MECDP synthase. In our study, both of these 
two enzymes could only be detected on the 2D gel of the glandular trichomes, 
providing the direct evidence that glandular trichomes are the major site of 
artemisinin biosythethsis (Fig. 14). 
3.3.2.2 Glycolysis 
F our enzymes implicated in glycolysis ate fructose-I, 6-bisphosphate" adolase, 
glyceraldehyde-3 phosphate dehydrogenase, phosphoglycerate mutase, phosphorpy-
ruvate hydratase. Glycolytic enzymes are considered as important ~uppliers of 
essential metabolic flexibility that facilitates plant development and acclimation to 
environmental stress. They convert glucose into pyruvate and provide essential energy 
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to cells. At the same time, a large number of carbons in the plant glycolytic pathways 
are utilized in the biosynthesis of numerous compounds, such as isoprenoids, amino 
acids, nucleic acids, and fatty acids, which are especially important to the autotrophic 
tissues (Plaxton, 1996). In A. annua, the intermediate product glyceraldehyde 
3-phosphate and final product pyruvate participate in the formation of IPP and 
DMAPP, the precursors for the synthesis of artemisinin and other monoterpenes or 
isoprenoids (Phillips et al. 2008). Changes of glycolytic enzymes have been reported 
in plant and non-plant species against environment stresses including nutrient 
limitation, salt, drought, and radioactivity (Sobhanian et al., 2011; Moshwene et al., 
2003; Bae et al., 2003). However, the mechanism has not been fully elucidated. 
3.3.2.3 Other metabolic enzymes 
Other enzymes with different catalytic functions were also observed in this study. 
These include glycine cleavage system H protein, phosphoribulokinase, nucleoside 
diphosphate kinase, carbonic anhydrase, 4-aminobutyrate aminotransferase etc. These 
enzymes participate in carbon fixation (phosphoribulokinase), glycine degradation 
(glycine cleavage system H protein), or in maintaining equilibrium between the 
concentrations of different nucleoside triphosphates (nucleoside diphosphate kinase). 
The enhanced expression of these proteins in the glandular trichomes further suggests 
that glandular trichome is the site with active metabolic activities. 
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3.3. 3 Proteins involved in transcription and translation 
Proteins involved in gene transcription (mRNA synthesis) and mRNA translation 
(protein synthesis) are also identified in glandular trichomes, and the abundance of 
these proteins was found to be increased compared to those in the leaves. Changes in 
the expression of these protein synthesis related enzymes can be attributed to active 
role of trichomes in the metabolites biosynthesis and protection of plant against biotic 
or abiotic stress, which requires large number of new proteins and RNA synthesis. 
Among them, eukaryotic translation initiation factor eIF5A is a .highly conserved 
protein which functions in the transport of a subset of mRNAs out of the nucleus to 
the ribosome. It is mainly active in translation elongation, mRNA turnover and decay, 
regulation of cell division, cell growth and cell death. However, its function in high 
plant is unclear. Recent reports found that eIF5A was up regulated in Arabidopsis root 
under Fe deficiency condition. They speculated that eIF5A might play an important 
role in regulating translation under stress conditions and In adapting plants to 
prevailing environmental conditions (Lan et al., 2011). 
3.3.4 Proteins involved in proteolysis 
Several enzymes involved in proteolysis are also identified in this study. These 
include zinc dependent protease, chloroplast · FtsH protease, cell division protein 
FtsH-like protein, cell division protein fisH, predicted Zn-dependent peptidases, 208 
proteasome alpha subunit A; cysteine protease. FtsH, a member of AAA + A TPases, is 
membrane bound A TP dependent metalloprotease which functions in asserribly·, 
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operation and disassembly of protein complexes. Changes of FstH following cold 
acclimation in some plants suggests that the FtsH A TPases may directly involve in 
chloroplast or plasma-membrane, and post translational modification of cold 
responsive proteins. It could be a basis for cold tolerance in plants response to cold 
stress (Kjellsen et al., 2010; Balbuena et al., 2010). In addition, FstH has been 
reported to participate in cell division in Bacillus subtilis (Wehrl et al., 2000). The 
different expression of several FstH proteins between glandular trichomes and leaves 
reinforce the roles that glandular trichomes play in plant defense against severe 
environment condition. 
3.3.5 Detoxification, stress defense related proteins 
A variety of proteins associated with detoxification, stress defense were also 
identified. This group of proteins includes dehydration stress-induced protein, 
rhodanese homology domain, peroxiredoxin, glycine-rich RNA-binding protein, 
ferritin, ABC _ NikE _ OppD _ transporters. One of the most important proteins in this 
group is ABC _ NikE _ OppD _ transporters. As commonly known, ABC is o,ne of the 
largest transporter families found from prokaryotes to humans. They coupled A TP 
hydrolysis to transport a wide variety of substrates such as ions, amino acids; peptides, 
sugars, lipids, and sterols, across cell membranes. Plant ABC transporters are first 
. . 
reported to be involved in detoxification. However, they have recently been 
implicated to function in ion regulation and plant growth process etc (Martinoia et al., 
2002). The ABC_NikE_OppD_transporters identified in our study is associated with 
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the transport of dipeptides, oligopeptides (OppD), and nickel, which may be essential 
in protecting plants against toxin accumulation. 
Besides, several proteins whose biological functions are unique or unknown are also 
listed in the Table 1. Their roles in glandular trichomes need further investigation. 
3.4 Prospective 
The protein candidates identified in this study can be used to discover genes 
participated in the artemisinin production. Several methods can be used to validate 
these candidate genes: fluorescent mRNA in situ hybridization to localize the mRNA 
in tissues of A. annua; real time peR to validate the overexpression of the mRNA in 
glandular trichomes; western blot study to detect specific protein candidates; or 
creation of transformed A. annua plants. 
3.5 Conclusion 
Plant trichomes are very important structures found on the aerial parts of ~ost plant 
species. They not only synthesize and store a wide range of plant metabolites with 
high commercial values, but also play at:l important role in protecting plant against 
abiotic and biotic stresses. Glandular trichomes of A. annua have long been regarded 
as the essential artemisinin factory in the fight against malaria. Thus, the proteome 
study on glandular trichomes accomplished in this study provides important 
information in understanding the molecular functions of glandular trichomes. Over 
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700 spots in glandular trichomes were separated on the 2DE gels, of which ,....,102 
non-redundant proteins were confidently' identified using MALDI-TOF MS by 
searching NCBI database and our in-house EST database. Over 70% of these proteins 
were highly expressed in the glandular trichomes. Consistent with our previous EST 
study, functional clustering of these identified proteins demonstrated that most 
trichomes enriched proteins participate in metabolic process, transport, and protein or 
mRNA renewing. Among the 22 proteins identified according to our Artemisia EST 
database, 14 have no homology with other species even with less stringent blast 
search parameters, indicating they might be both species-specific and tissue-specific 
genes. Moreover, two enzymes that directly participate in artemisinin biosynthetic 
pathways were also identified to be enriched in glandular trichomes. 
However, every technology has its limitations. Although 2DE combined mass 
spectrometry analysis has been widely applied in the plant proteomics study, several 
pitfalls remain to affect our results. Firstly, the detergent for isoelectric focusing is not 
suitable to 'dissolve hydrophobic proteins (e.g. transmembrane proteins). rhus, the 
gene products presenting in particular subcellular compartments of glandular 
trichomes, which could provide imponant information about the functions of 
glandular trichomes may be lost. In addition, a large amount of chemical compounds 
in the glandular trichomes and leaves such as pigments, hydrolytic enzymes may b~ 
easily degraded or precipitated proteins, resulting in incomplete protein profiling or 
several spots on 2DE gels attributed to one protein. Secondly, 2DE is usti'ally 
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time-consuming and demands high amounts of proteins. Compared to the 
approximately 20% of protein content in microbial cells or mammal tissues, the 
protein content in plant tissues is low (usually 2%) (Weiss et al., 2007). Thus, 
enrichment of proteins is necessary. For glandular trichomes of A. annua, the 
production rate is quite low (~500mg wet weight every 400g leaves). Thus, large 
amounts of plants are needed for proteome study. Furthermore; not all proteins could 
be separated or visible on 2DE gels. Abundant proteins usually mask low copy 
number proteins of specialized functions only in certain cell types. Thus, it is not 
unusual to observe Rubisco or other photosynthesis-related proteins with highest 
abundance in this study. Besides, high quality of digested peptides is critical for MS 
analysis. 
In conclusion, our proteomics study provides for the first time a general picture of 
proteins specifically expressed in Artemisia annua glandular trichomes. Enriched but 
inter-species un-conserved genes identified in this study, together with our previous 
transcriptome study suggested that more trichome-specific genes are likely involved 
in Artemisia metabolism and trichome. These candidate proteins provide potential 
targets for further experiments in order to elucidate the trichome function and 
artemisinin metabolism in the important medicinal plant A. annua. 
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